We have developed a general procedure for the rapid and efficient enrichment of specific DNA, RNA or cDNA sequences. Biotinylated DNA or RNA is used as a hybridization probe in solution, avidin is then added to label both the probe and hybrid molecules, and the hybridization mixture chromatographed over cupric-iminodiacetic acid agarose beads. Avidin-probe and avidin-hybrid molecules are selectively retained on the column; non-hybr1dized sequences are contained in the flow-through fraction. Sequences retained on the column are recovered in high yield by the addition of ethylenediamine tetracetic acid in the buffer. The method can be used 1n both subtractive enrichment and positive selection protocols. Here we report its application to the isolation of Neisseria gonorrhoeae specific genomic DNA clones and the purification of a cDNA subpopulation representing mRNA sequences that are over-expressed in murine Friend cells after dimethylsulfoxide induction.
INTRODUCTION
The preparation of recombinant DNA clones containing specific DNA or cDNA sequences is often time consuming, requiring either a major effort to isolate the appropriate mRNA or extensive screening of large plasmid, phage or cosmid libraries with nucleic acid or antibody probes. The availability of rapid and efficient methods for preenriching target nucleic acids prior to cloning, particularly 1f they are of unknown sequence or molecular complexity, can significantly reduce the time and effort of the overall process. Several positive selection procedures have been described for the enrichment of target sequences for which specific hybridization probes exist; most of these Involve hybridization to, and elution from, probe sequences immobilized on a solid support, such as agarose, dextran, cellulose or nitrocellulose (reviewed 1n 1). These procedures generally work well, although the hybridization efficiency is often low due to polynucleotide immobilization on the solid matrix.
Preferential enrichment of specific mRNAs has been achieved, in the absence of nucleotide or amino acid sequence information, when an antibody to ©IRL Press Limited, Oxford, England. the translation product of the mRNA is available. Positive selection by Imnunoprecipitation of nacent RNA on polysemies (2) has resulted in the extensive purification of several mRNAs that are relatively rare (3,4), however, size selection of mRNA, based on the immunoprecipitation of i£ vitro translation products (5), gives a more modest enrichment. In the absence of either specific sequence data or antibody reagents few preenrichment strategies exist. However, when cell populations which differentially express a niRNA of Interest are available, cDNA can be made from mRNA of the "producer" cell, hybridized to an excess of mRNA from the "non-producer" cell, and the double-stranded hybrids, reflecting shared sequences, separated from free cDHAs by chromatography on hydroxylapatite LHAP] (6). The efficiency of this subtractive enrichment can be improved further by hybridizing the enriched cDNA in the flow-through fraction to an excess of "producer" mRNA and recovering the resultant hybrids from HAP (7). cDNA clones specific for Interferon induced genes (8) murine histocompatibility complex genes (9) Aspergillus differention genes (10) and a-globulin (11) have been obtained by screening libraries with HAP-selected cDNAs. Nevertheless, since fractionation on HAP is based on the extent of doublestrandedness, RNAs with extensive secondary structure can heavily contaminate the hybrid fraction and reduce the selectivity.
In this paper we describe a method that can be used for both positive and subtractive sequence enrichment which exploits the high specificity and avidity of the Interaction between biotin.and avidin (12) or Streptavidin (13) and a metal chelate adsorbent (14) that reversibly binds these proteinbiotinylated nucleic add complexes. We also report the isolation of a set of Neisseria gonorrhoeae specific DNA clones by screening a genomic library with DNA obtained after subtractive hybridization with biotinylated Neisseria meningitidis DNA, which shares ^ 80S sequence homology with N. gonorrhoeae (15) . cDNAs complementary to mRNA sequences overexpressed 1n dimethylsulfoxide treated Friend leukemia cells were also prepared by subtractive hybridization with photobiotinylated RNA from uninduced cells.
MATERIALS AND METHODS

Bacterial Isolates
Neisseria meningitidis (ATCC 13090, group B), Neisseria gonorrhoeae (ATCC E 27630), EschericMa coll RC109, and clinical Isolates from the Clinical Microbiology Laboratory at Yale-New Haven Hospital, were used 1n the experiments reported here. The N. gonorrhoeae strain was shown (M. Li, personal communications) to be free of the high copy number plasmid that is present in 95t of N. gonorrhoeae isolates (16) . Neisseria cultures were propagated on chocolate agar plates.
DNA Isolation
The Marmur method for DNA isolation (17) was used with minor modifications. Neisseria organisms were scraped with a sterile cotton swab from 8 chocolate agar plates (10 cm in diameter) after overnight growth, and suspended in 20 mis of lysis buffer (0.15 M NaCl-10 mM EDTA-1J SDS). E. coli was grown in YT broth, concentrated by centrifugation and suspended in 20 ml of lysis buffer. After lysis at 65°C for 30 minutes, 3.5 mis of 6 M sodium perchlorate was added. The solution was extracted with 12.5 mis chloroformIsoamyl alcohol (24:1) in a 50 ml polypropylene centrifuge tube placed on a shaker platform for 30 minutes. The aqueous and organic phases were separated by centrifugation at 12,000 RPM for 10 minutes, using a SS34 rotor 1n a Sorvall centrifuge. The aqueous layer was removed and the extraction procedure repeated. The DNA was precipitated overnight with 2.5 volumes of absolute ethanol at -20°C, pelleted by centrifugation at 10,000 RPM for 10 minutes, and then resuspended in 0.5 mis of 10 mM Tris-HCl, pH 7.5 -lmM EDTA (T.E.). Ribonuclease A (Cooper Biomedical) was added to a final concentrations of 100 ug/ml and the solution incubated at 37°C for 1 hr. Proteinase K (EM Biochemicals) and sodium dodecylsulfate (BDH Chemical) were then added at concentrations of 200 yg/ml and 0.2% w/v, respectively, and the solution incubated a further 2 hrs at 37°C. The sample was extracted twice with phenol and once with ethyl ether. Sodium chloride was added to a final concentration of 0.2 M, and the DNA ethanol precipitated as before. The DNA was resuspended 1n 100 yl of T.E. and its concentration measured spectrophotometrically. If the 260/280 ratio was below 1.6, the Proteinase K digestion and phenol extraction steps were repeated a second time. demonstrates that this is indeed the case. Two samples of pBR322 DNA were nick-translated, one labeled with Bio-11-dUTP and 32 P-dCTP, the other labeled with "H-dCTP in the absence of Bio-11-dUTP. Both samples were incubated with an excess of avidin-DN for 5 minutes and then chromatographed over iminodiacetic acid-agarose charged with copper sulfate (see Methods). Greater than 99% of the 3 H-pBR322 DNA was found in the flow-through fraction while * 32 99* of the P-biot1nylated pBR322 DNA was retained on the column under identical conditions. Retention of the biotinylated DNA was absolutely dependent on the prior addition of avidin; the chromatographic profile of the biotinylated DNA (Bio-DNA) was identical to that of the control DNA without added avidin. The column-bound B1o-DNA was recovered with high efficiency (9 6%) by washing the adsorbent with a solution of 50 mM EDTA-1 M NaCl-0.1% SDS. In contrast, the EDTA-eluate from the control DNA column contained 0.1% or less of the input counts.
In some experiments a small fraction, here 3%, of the B1o-DNA remained on the column even after extensive washing with elution buffer. This residual material appears to be high molecular weight DNA-av1din Intermolecular aggregates that are physically trapped on the gel matrix. Since avidin is a tetrameric protein capable of binding 4 molecules of biotin simultaneously, 1t can, particularly at low av1d1n-DNA ratios, generate Bio-DNA -Bio-DNA crosslinks. By using a judicious avidin excess (10-fold or more relative to Bio-dNMP incorporated) when forming the DNA-protein complexes in solution, this non-specific entrappment can be maintained at low levels (0.5-3%). However, if necessary, this DNA subset can be recovered by incubating the column 1n proteinase K and pronase or by incubating at elevated temperatures (50-60°C) in the presence of 1-2% SDS. As a first test of the utility of this fractionation procedure tor selective sequence enrichment, we set out to isolate a family of Neisseria gonorrhoeae genomic DNA clones containing sequences which were absent from the closely related organism Neisseria meningitidis. These two human pathogens, causitive agents of gonorrhoeae and acute bacterial meningitis, respectively, have approximately 80t sequence homology (15). The basic subtractive hybridization strategy we used is outlined below.
The DNA of interest (N. gonorrhoeae) first was digested with the restriction enzyme Sau3A. This enzyme gives DNA fragments between 0.5 and 5 kb with an average size of ^ 2 kb, thus maximizing the amount of potential N. gonorrhoeae specific sequences to be obtained during the selection procedure, and it yields fragments which, after reannealing, could be cloned directly into a BamHI site of an appropriate plasmid vector. Alternatively, the DNA was and chromatographed over the copper-chelate resin as described 1n Methods. As shown in Figure 6 , the cDNA hybridizes extensively to both induced and uninduced RNA prior to subtractive enrichment. In contrast, after four cycles 32 of hybridization and chromatography the P-cDNA hybridized exclusively with RNA from induced cells. This cDNA subpopulation represents 7 percent of the original cDNA pool. Affara and Daubas (6) had previously shown that 70-75% of the induction specific cDNA, separated by HAP chromatography, is complementary to a and B-globin mRNA. The cDNA subpopulation selected via the copperchelate agarose also hybridized extensively with a and S-glob1n genomic DNA clones (data not shown). The cloning and further characterization of this cDNA subpopulation will be reported elsewhere. It 1s clear, however, that the biotin-avidin-copper-chelate separation method described here can be used as an efficient alternative to HAP-chromatography for selective cDNA purification.
DISCUSSION
We have described a versatile method for the purification of selected nucleic add sequences and demonstrated its utility in preparing N. gonorrhoeae specific genomic DNA clones and a differentiation specific cDNA subpopulation. Although the experiments reported here required four or five cycles of subtractive hybridization and chromatography, two cycles are usually sufficient for enrichment when higher concentrations of driver probes are used. Furthermore, when selecting target sequences of relatively low abundance, 1t is recoimended that the biotinylated probe pool be incubated with an excess of avidin, then bound to and eluted from the copper-chelate agarose prior to use. This ensues that all probe molecules added to hybridization reactions can be quantitatively recovered during subsequent chelate chromatography, thus minimizing the potential of contaminating target sequences with non-b1otinylated probes. Since biotinylated probes eluted from the copper-chelate column with EDTA will be complexed with avidin, the protein must be removed, by proteinase K-pronase digestion and phenol extraction, in order to maintain optimum hybridization kinetics.
This technique can be applied to a wide variety of separation problems where no Information concerning specific target DNA sequences, their transcripts or their gene products is available. For example, in species such as bacteria, where the genome contains few, 1f any, highly repetitive sequence elements that can lower selective enrichment by generating interstrand networks, one could readily isolate large sets of organism specific sequences.
Enrichment by subtractive hybridization potentially provides a rapid means of preparing extensive probe sets which could be useful in the clinical diagnosis of specific pathogens. Conversely, one could analyze the sequence subsets retained on copper-chelate agarose to identify conserved sequences that are common to an entire family or genera of organisms. The subtraction hybridization method also could be used to identify and clone DNA segments of unknown sequence which have been deleted during strain evolution, mutagenesis, or as a direct or indirect consequence of pathologic disease (27) . In screening the genomes of higher organisms that possess numerous repetitive elements, unique sequence subsets could be prepared from somatic cell hybrids, clone banks, or individual chromosomes by subtractive hybridization with appropriate repetitive sequence probes, e.g., the Alu, Kpn or centromer family repeats. These and other applications of this fractionation method are currently being evaluated.
